Introduction
Tissues subjected to chemical poisoning or ischaemia followed by reperfusion experience oxidative stress as a result of both an increase in oxygen free radical species and a decrease in reduced glutathione. This may be accompanied by a simultaneous increase in cytosolic [Ca2+] which follows a disruption of energy metabolism and tion of the mitochondria has confirmed that they are functionally impaired. In particular, they are depleted of adenine nucleotides and exhibit inhibition, to varying degrees, of the respiratory chain, especially complex I, the oligomycin-sensitive ATPase and the adenine nucleotide translocase [4, 7-91, In the ischaemic/reperfused heart these effects are associated with an increase in mitochondrial Ca2+ content and are substantially reduced if ruthenium red is present in the perfusion medium [7, 81 . It has been known for many years that a [7, 81 . It has been known for many years that a combination of oxidative stress and increased mitochondrial Ca2+ content is damaging to isolated mitochondria [ 1, 2, 10, 111 and it would seem likely that the effects seen in vivo reflect the same phenomenon.
Mitochondrial Caz+ homeostasis and overload
Calcium is transported into mitochondria by means of an electrogenic carrier which is inhibited by ruthenium red and Mg2+, and pumped out again primarily by means of a 2Na+/Ca2+ antiport which is inhibited by the calcium antagonist diltiazem. There may also be a 2H+/CaZ+ antiporter in some mitochondria, but both the efflux mechanisms are effectively driven by the pH gradient, either directly or through the operation of the N a + / H + antiport [ 1, 10, 121. At physiological concentrations of Ca2+ ( < 1 pM) the operation of both carriers allows the intramitochondrial [CaZ+] to be regulated in parallel with changes in the cytosolic [Ca2+] . This is an important means of regulating intramitochondrial metabolism by hormones and other stimuli [12] .
However, at higher [Ca2+], the efflux pathway(s) for Ca2+ become saturated whilst the influx pathway continues to allow electrogenic entry of Ca2+. This leads to massive uptake of Ca2+ by the mitochondria, sometimes referred to as calcium overload [ 1, lo] . The mitochondria do not retain this Ca2+ indefinitely and after a period of time, the length of which depends on the conditions, it is released again. This phenomenon is sometimes referred to as the 'permeability transition' and is accompanied by rapid and substantial mitochondria swelling and depolarization [ 1, 101. Amongst many other factors, adenine nucleotide depletion, and phosphate and oxidative stress, all of which are characteristic of chemical toxicity and ischaemia/reperfusion, greatly stimulate this swelling and release of Ca2+. In contrast, the process is impaired by the presence of ADP or Mg2+ [ 1, 10, 111. Liver and kidney mitochondria appear to be more sensitive to the phenomenon than heart mitochondria, whilst mitochondria from Ehrlich ascites cells can accumulate very large amounts of Ca2+ without ill effect [13, 141. Oxidative stress and calcium accumulation cause a non-specific increase in the permeability of the inner mitochondrial membrane Three mechanisms for the release of the Ca2+ have been proposed. Richter and his colleagues [15, 161 have proposed that the combination of Ca2+ and oxidative stress causes the activation of a specific Ca2+ efflux mechanism, probably involving hydrolysis of NADP to nicotinamide and ADP-ribose followed by ADP-ribosylation of an inner membrane protein. This view has also been supported by Orrenius and his colleagues [ 171. Secondly, many workers have demonstrated that the collapse of the membrane potential precedes the loss of Ca2+ and this would allow Ca2+ to leave by reversal of the uniporter [18, 191 . Since the efflux is either insensitive to ruthenium red, or at best only partially sensitive, this hypothesis requires that the inhibition of the uniporter by ruthenium red is greatly reduced under depolarized conditions [ 191. The third, and perhaps most widely accepted mechanism of Ca2+ release from calcium-overloaded mitochondria, involves a non-specific increase in the permeability of the inner mitochondrial membrane that will be described in detail below. Not only could an increase in inner membrane permeability explain the release of accumulated Ca2+, it would also account for the depolarization and swelling of the mitochondria and the coincident loss of other matrix components such as adenine nucleotides, Mg2+, gluthatione and K+ [ 10, 113.
It was first proposed some 14 years ago by Hunter and Haworth [20, 211 that overloading mitochondria with Ca2+ caused the opening of a hydrophilic channel in the inner mitochondrial membrane that allowed the passage of small molecules of molecular mass less than 1200 Da. In more recent years, Crompton and his colleagues [22-241 have confirmed and extended these studies, investigating the kinetics of opening and closing of the pore using rapid reaction techniques [24, 251. The nature and properties of the Ca2+-induced nonspecific pore have been investigated in many laboratories using three major techniques: radioactive sucrose movement across the inner mitochondrial membrane, swelling or shrinkage of mitochondria as a result of solute permeation or exclusion, and direct demonstration of high conductance channels by patch clamping of mitochondria. All studies agree on some significant properties of the pore. It is non-selective, requires the presence of Ca2+ and no other divalent cations, and its formation is activated by oxidative stress and consequent glutathione depletion (e.g. by tertbutylhydroperoxide which oxidizes mitochondrial NADPH), the presence of phosphate, depletion of adenine nucleotides (e.g. by PP,), depolarization (e.g. by uncoupler), and any reagents such as palmitoylCoA, thiol reagents or carboxyatractyloside that cause the adenine nucleotide translocase to take up the 'c' conformation [2, 10, 11, 261 . In contrast, pore formation is inhibited by M$+ and low pH (both competitive with respect to Ca2+) and by reagents that induce the 'm' conformation of the adenine nucleotide translocase, such as ADP and bongrekic acid [ 10, 113. Perhaps the most significant finding in recent years has been that pore formation can be blocked by low concentrations of the immunosuppressant cyclosporin A [27-3 13. Addition of increasing concentrations of cyclosporin causes a progressive linear inhibition of pore opening which is typical of a very tight binding inhibitor. This suggests that the inhibitor is binding stoichiometrically to some component of the pore present at 50-100 pmol per mg protein and with a Ki of 2-5 nM [30, 321. Cyclosporin A exerts its immunosuppressive effect by binding to a 17 kDa cytosolic protein, cyclophilin, which is now known to be identical to peptidylprolyl cis-trans isomerase [33, 341. W e have assayed the activity of this enzyme in both heart and liver mitochondria and shown that it too is present at a concentration of 50-100 pmol per mg protein and is inhibited by cyclosporin A with a K, of about 2.5 nM [30, 32, 351. This strongly suggests a role for peptidyl-prolyl ck-trans isomerase in pore opening.
This conclusion is further strengthend by the use of the cyclosporin analogues cyclosporin G and cyclosporin H whose Ki values were respectively about 10-fold and 100-fold higher than cyclosporin A for inhibition of both pore opening and the isomerase [ 321. The immunosuppressant FK506, which binds to another quite distinct cytosolic peptidyl-prolyl &-trans isomerase, is inactive against both the mitochondrial isomerase and pore opening [32, 361. We have recently purified and N-terminal sequenced the mitochondrial peptidyl-prolyl cis-trans isomerase [35] . The enzyme is homologous but quite distinct from the cytosolic enzyme and has a typical mitochondrial presequence which is only partially cleaved. The sequence corresponds to that encoded by one of the three known human cyclophilin gene products, hCyP3 [37] .
Although it is evident that peptidyl-prolyl cktrans isomerase plays an important role in pore opening, how it does so remains unclear. It is well established that any treatment of mitochondria that enhances the 'c' conformation of the adenine nucleotide carrier stimulates pore formation and any procedure that enhances the 'm' conformation inhibits pore formation [ 11, 38, 391 . This has led us to propose that the adenine nucleotide translocase dimer is an integral component of the pore structure [30, 321. There is a proline on the matrix surface of the carrier which is adjacent to a lysine residue that can only be labelled when the carrier adopts the 'c' conformation. We have suggested that the isomerase may bind to this proline and, in the presence of Ca2 + , cause a conformational change of the carrier sufficient to induce the formation of a channel between the two subunits of the dimer. The subsequent release of the isomerase appears to be quite slow since addition of cyclosporin A causes the pore to close much more slowly than the removal of Caz+ with EGTA [40]. This is not unexpected since the to,s for dissociation of the isomerase from cyclosporin A is about 3.6 min [35] .
There are now known to be many different peptidyl-prolyl cis-trans isomerases. Their normal physiological role is still uncertain, but it is not thought that their inhibition is important for the immunosuppressant activity of cyclosporin A, rapamycin or FK-506 [34, 411. It is possible that the normal function of such isomerases is in signal transduction through their binding to and altering the conformation of integral membrane proteins [34] . As such they would act in an analogous fashion to G-proteins. If this is the case then the mitochondrial pore opening would be just one example of a whole class of such phenomena. A more detailed consideration of the kinetic constraints on pore opening is given elsewhere where a possible explanation of the competitive nature of the inhibition by ADP and cyclosporin with respect to Ca2+ is considered [ll] . We are currently testing our hypothesis by using purified translocase reconstituted into proteoliposomes in the presence and absence of peptidyl-prolyl cktrans isomerase. Whether or not the translocase forms an integral part of the pore, or merely influences its formation, it is likely that the numerous factors known to enhance pore formation all act by stabilizing the 'c' conformation of the carrier [ l l ] . For example, oxidative stress can modify thiol groups on the carrier [39, 421, and it is known that other thiol reagents enhance the 'c' conformation [38] . It is possible that the carrier might also be ribosylated with the same result. A summary of how all these factors might influence pore opening is given in Figure 1 . We are still left with the intriguing question as to why mitochondria possess the potential for self-destruction through pore opening. We have presented evidence elsewhere that the pore probably opens occasionally under normal physiological conditions and have argued that this provides a pathway for entry and exit of mitochondrial metabolites for which no other transport pathway exists [ l l , 30, 321. It is also possible that the opening of the mitochondrial pore under conditions of oxidative stress and calcium overload ensures that damaged tissue dies and can be removed to allow new tissue to regenerate. This may be preferable to salvaging damaged cells and could also be an important component of programmed cell death or apoptosis [9, 43, 44] .
Agents that inhibit pore formation protect hearts from reperfusion injury

Low pH
It is well documented that low intracellular pH, whilst having detrimental effects in its own right, can protect cells from the irreversible cell damage that occurs under conditions of oxidative stress, whether chemically induced or during reperfusion following a period of ischaemia [3, 451. It is also well established that mitochondrial pore opening is inhibited by decreasing the pH and is almost completely blocked below pH 6.2 [26] . Thus, it is quite probable that protection of the mitochondria from pore opening and irreversible damage is the major 
Introduction
The oxidative modification of low-density lipoprotein (LDL) within the artery wall is thought to be a key event in the formation of an atherosclerotic lesion [ 11. Modification in nitro can be achieved by initiating peroxidation reactions within the lipid phase of the LDI, particle [2] . Agents 'To whom correspondence should be addressed.
particle [3] . This hypothesis requires the presence of agents that are able to promote the breakdown of peroxide, once inserted. Possible candidates for this role include transition metal ions (e.g. copper and iron), either free or bound in the prosthetic group of proteins (e.g. haem proteins such as haemoglobin). An alternative hypothesis is that peroxide formation and breakdown occur as a single process. Free radical-initiated peroxidation is such a process. The abstraction of a hydrogen atom from an unsaturated fatty acid leads to a chain reaction within the LDL particle [4] . This reaction is mediated by the lipid peroxyl radical and can result in the modification of LDL without the requirement for transition metal ions. The initiation of this reaction in vivo would require the formation of a highly reactive free radical oxidant such as the hydroxyl radical. Hydroxyl radicals can be generated in vitro from chelated iron(I1) and hydrogen peroxide in a reaction known as the Fenton reaction. The relevance of this reaction in vivo remains controversial. More recently, another possible route for hydroxyl radical formation has been described. This involves the interaction of nitric oxide and superoxide. Nitric oxide is generated by the vascular endothelium and acts to modulate vascular tone [S] . It achieves this by trigVolume 21
